Abstract. Silicon photonics is the emerging optical interconnect technology where integrated nanophotonic components allow reaching high device density and improved optical functionalities. One key component is the optical microresonator. A particular kind of microresonator is the racetrack resonator where straight waveguide sections are used to achieve a large value of the coupling coefficient with a bus waveguide for any light polarization state. It is our aim to study the performances of racetrack resonators fabricated on silicon on insulator via CMOS processing. We experimentally investigated different multiple resonator designs where box-shaped filter characteristic, Vernier effect, and coupled resonator induced transparency effects are obtained. We demonstrate that racetrack resonators are instrumental to several different functions in nanophotonics and that the actual lithographic process is fully capable of building these structures. C 2011 Society of Photo-Optical Instrumentation Engineers (SPIE).
Introduction
Optical microring resonators are used in many optical components, such as optical filters, 1 wavelength division multiplexers, 2 optical switches, 3 and biosensors. 4 In a waveguide-coupled microring resonator, the coupling gap size between the bus waveguide and the bent waveguide (ring) of the resonator is determined by the amount of optical power which has to be coupled into the ring. The gap size depends on the resolution of the photolithographic process. For a given coupling coefficient, the fabrication tolerance can be relaxed if a segment of a straight waveguide is inserted into the ring resonator in the coupling region. The resulting resonator geometry is called a racetrack resonator. [5] [6] [7] [8] For a racetrack resonator, three typical lengths are of importance in defining the coupling coefficient: r the coupling gap, which is the distance between the bus waveguide and the straight part of the racetrack resonator; r the coupling section C s , which is the length of the straight part of the racetrack resonator; r the coupling length C l , which is the length for which the maximum signal power is transmitted from the bus waveguide to the resonator. Not forcedly C s = C l . With respect to ring resonators, racetrack resonators have larger coupling efficiencies due to the longer coupling section (Fig. 1) . Racetrak allows us to work in the overcoupled regime even with transverse electric field (TE) polarization, that is usually much more confined with respect to transverse magnetic field (TM) polarization.
A preferred technological platform where racetrack resonators are developed is silicon photonics. Indeed, silicon photonics allows the realization of high quality and low cost photonic integrated circuits with hundreds of different optical component integrated in the same chip. 9 Figure 1(a) shows the schematics of an add-drop filter made of a racetrack resonator with the following parameters: R is the racetrack radius, C s is the coupling section, gap is the centerto-center distance between the waveguide and the straight part of the racetrack, and L c , is the distance between two adjacent racetracks. Figure 1(b) shows an optical image of a fabricated racetrack add-drop filter.
In this article, we report a detailed study of silicon on insulator (SOI)-based racetrack resonators. For the first time, various different phenomena are experimentally demonstrated in a compact racetrack system to demonstrate the potential of this resonator geometry. As a first step, we realized and characterized single racetracks as a function of their radius, of their coupling gap and of their coupling section. Then, by coupling several resonators, we realized a "box-like" filter characteristic, which is favorable in optical networks. Serially and parallel coupled ring resonator configurations have been described in detail in the literature, [10] [11] [12] here we extend this work to racetrack resonators. In addition, periodic sequences of coupled racetracks have also been examined and the presence of the Vernier effect is demonstrated. 13 Finally, the presence of a coupled resonator induced transparency (CRIT) effect in side coupled sequence of racetracks is evidenced. A similar phenomenology as that observed in coupled rings is found with some peculiar difference. CRIT can lead to different applications in photonic integrated circuits.
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Single Racetrack Study
In a racetrack structure, a resonant state occurs whenever mλ m = n eff (2πR + 2C s ), where n eff is the effective index of the waveguide, λ m is the resonance wavelength, and m is the mode number. It is worth noting that a change of either ring radius or refractive index implies a shift in the resonance wavelength. A preliminary study on the size of the gap has been performed to optimize the coupling for TE polarization. The optical transmission spectra were measured in the range 1520 to 1620 nm by using tapered fibers and a polarization controlled tunable laser.
The resonators are fabricated on 8 in. SOI wafers consisting of 220 nm thick crystalline silicon layer and of 1.52 μm thick buried oxide layer. Lithography was performed by using a 193 nm deep UV system. After patterning and etching, a 745 nm thick cladding silica layer was deposited. The waveguides were 0.5 μm wide. To reduce the coupling loss from/to the tapered optical fiber used to insert/collect the signal into/out of the waveguide, a tapering from 0.5 to 2 μm of the waveguide width was used at both waveguide ends. We studied two different batches of samples: one fabricated at LETI and one fabricated at IMEC. The two fabrication processes were almost the same (more details on the processes can be found on the website of ePIXfab 17 ). No significant differences have been observed between samples from the two different batches.
Figure 2(a) shows the transmitted spectrum of a racetrack resonance with R = 3.25 μm, gap = 0.2 μm, and C s = 8 μm. Figure 2 (b) compares the main parameters for three racetrack resonators that differ for the radius and have the same coupling section C s . We notice that lower Q values for smaller resonators which is due to the higher bending losses. Note that a ring resonator with the same bending losses shows an higher quality factor with respect to a racetrack resonator. 18 This is due to additional losses present in the racetrack resonator, in particular caused by the modal mismatch between the straight and bent sections, and by the large coupling section. However, a more compact structure and larger gap distances can be obtained with racetracks.
It is interesting to compare the properties of two racetracks with the same geometrical parameters but different coupling sections. Figure 3(b) shows the through and drop transmission spectra of a racetrack with R = 3.5 μm, gap = 0.18 μm, and C s of 7.5 μm while Fig. 3(c) shows the transmission spectra of a racetrack similar to the one of Fig. 3 (b) but with a two times longer C s = 15 μm. In both cases we are in the overcoupled regime.
An opposite trend is observed as a function of the wavelength. This behavior is determined by the relation between the coupling length C l and the coupling section C s and underlines the potential of racetrack where the two lengths can be separately controlled. The first case is an example of a situation where C s is shorter than C l . Since C l decreases as a function of the wavelength while C s is constant, an increasing coupling coefficient is observed, which is reflected in a decreasing Q, as wavelength increases [ Figs. 3(a) and 3(b) ] (Ref. 19) . The second case is representative of a situation where C s is longer than C l , then the coupling coefficient decreases, i.e., Q) increases, as wavelength increases [ Figs. 3(a)-3(c) ]. Despite the long C s of 15 μm, the quality factor reaches the value of 2064.
Double Racetrack Resonators
Coupled resonator structure changes the picture up to now described, in particular are used to sharpen the edges and flatten the maxima of the transmission resonance in the add/drop filter to reach a box-like response. Two different configurations of coupled resonators can be used: the serial configuration and the parallel one; both configurations have been studied and described in the literature for ring resonators. [10] [11] [12] In the serial configuration, each resonator is coupled to the other and only the first (last) resonator is coupled to the through (drop) port (Fig. 4) . This sequence is called also a coupled resonator optical waveguide sequence. Due to the serial geometry, to have a signal at the drop port all the various resonators have to have a resonance at the same wavelength. The parallel configuration, instead, is characterized by resonators which are all aligned along the same bus waveguide: this sequence is also called the SCISSOR (side coupled integrated spaced sequence of resonator) sequence. SCISSOR show a rich variety of resonant modes and will be described later in this paper.
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Vernier Effect
One problem with resonators, which is not addressed by the use of sequence of identical coupled resonators, is that the free spectral range (FSR) is inversely proportional to the optical length of the resonator. To increase the FSR, the optical length of the resonator should decrease, which in turn, increases the bending losses, i.e., decreases the Q factor [ Fig. 2(b) ]. One solution to this problem is to use coupled ring resonators with different sizes to create the Vernier effect and, thus, to extend the FSR. 20 In fact, by using resonators with different radii, the resonances which are not proper of both resonators are suppressed. This phenomenon is very effective when the radii of the resonators are slightly different. The inset of Fig. 4(a) shows the structure we studied to observe the Vernier effect. The first racetrack has a radius R 1 = 7.25 μm and a coupling section C s1 = 10 μm. The second racetrack has a radius R 2 = 3.25 μm and a coupling Journal of Nanophotonics 051705-4 Vol. 5, 2011 section C s2 = 5.785 μm. The longer racetrack has a circumference of 111.10 μm which is 2 times longer than the one of the second racetrack, 55.55 μm. The waveguide bus-resonator gaps and resonator-resonator gap were chosen to be 0.18 μm. The typical response of this structure is reported in Fig. 4(b) . For comparison, the response of a single racetrack with the same parameters as the racetrack is also shown. The comparison clearly demonstrates the enlargement of the FSR by the Vernier effect. For the single resonator the obtained FSR is 12 nm while for the Vernier configuration the FSR increases up to 20 nm. We note that in the Vernier configuration the resonances split due to the strong resonator coupling. The splitting can be avoided by decreasing the coupling between the two resonators, e.g., by enlarging the gap.
CRIT Effect
In a SCISSOR structure, all the racetrack resonators are coupled through the bus waveguide. Two different resonances appear: the one due to the resonator [resonator resonance mλ = n eff /(2πR + 2C s )] and the one due to the collective effects of the resonators (Bragg resonance mλ = 2L c n eff ). In addition, a peculiar effect can be observed when the round-trip phase between 2 or more resonators is a multiple of 2π , i.e. the center to center distance L c between adjacent resonators is a multiple of πR. [14] [15] [16] If this resonant condition is satisfied, the transmission spectrum shows a very narrow transmission peak inside the stop-band of the SCISSOR. This phenomenon has been interpreted as the optical analogous of the electromagnetic induced transparency and has been called CRIT. 16 Here we demonstrate the CRIT in a SCISSOR made by two racetrack resonators and study the role of the distance L c (Fig. 5) . Fig. 5(b) ]. Under these conditions, both through and drop port show a CRIT features with a transmission ratio of −6.5 dB. When L c = 10.26 μm, the Bragg resonance is redshifted with respect to the resonator resonance [ Fig. 5(c) ] while when L c = 10.16 μm, the Bragg resonance is blueshifted with respect to the resonator resonance [ Fig. 5(a) ]. In these two cases, the small deviation (0.5 %) of L c from the optimal condition allows to still observe the CRIT features right where the two resonances overlap. The through resonance signal is strongly deformed and an asymmetric stop band is observed. Only in the drop signal a sharp CRIT resonance is observed while it almost vanishes in the through signal due to light scattering. It is also worth noticing that in Fig. 5(a) and 5(c), the Bragg resonance is less deep than the resonator resonance because of a few number of racetracks in the SCISSOR. Figure 6 shows the effect of cascading several racetracks in a SCISSOR configuration. For these SCISSOR, the signal is recorded in a wavelength region where the resonator and Bragg resonances overlap (L c = πR). The stop-band due to the resonator resonance develops to a "flat box" lineshape as the number of racetracks increases: the slope at the band edge increases from 6 dB/nm for 1 racetrack, to about 53 dB/nm for 8 racetracks. At the same time, the spectral width of the stop-band increases from 2.8 nm for 1 racetrack to 6.6 nm, for 8 racetracks.
Multiple Racetrack Resonators
The drop and through signals for the 8 racetrack SCISSOR are compared in Fig. 7 . Despite all resonators are equal, we can notice that the drop port has a sharp dip in the middle of the band which is due to the CRIT effect. The CRIT is caused by fabrication errors that adds a detuning between the resonances of the racetracks. 21 A disadvantage of using high-order effect is the presence of ripples at the band-edge (Fig. 7 ) that can induce cross-talk in routing application. Ripples can be minimized using SCISSOR with an apodizing design. 22 
Conclusion
Racetrack resonators are a particular type of microresonator which allows a careful and flexible control over the coupling coefficient by playing with two independent parameters: the gap and the coupling section. This adds a further degree of freedom in designing complex microresonator structures which is not present in more conventional ring resonators. In fact, the phenomenology of sequence of racetracks appears very interesting and open to potential applications. Vernier effect can be used to independently change the free spectral range and the resonance sharpness of a serial sequence of racetracks. CRIT is observed in parallel sequence of racetracks. Moreover, this same structure can also be used to achieve desired transmission lineshapes, such as boxlike filters. It emerges from this experimental study that racetracks are instrumental to several different functions in nanophotonics and that the actual lithographic process is fully capable of building these structures, with overall controlled and good performances, e.g., low insertion losses and high Q.
